Introduction
Ionotropic glutamate receptors are responsible for glutamate-mediated excitatory transmission in mammalian brain [1, 2] . 5HT 2A and 5HT 1A receptors are probably the most prominent subtypes of the OPEN ACCESS exuberant family of serotonin receptors. Several modeling studies have dealt with these two targets [3] [4] [5] [6] [7] [8] [9] [10] , most of them based on SAR considerations by using solely synthetic drugs as ligands. Until now structural variants of the natural ligand 5-OH-tryptamine were not investigated in great detail. In this work, potencies of tryptamine derivatives (Ts) as inhibitors of [ 3 H]MK-801 [11] binding (in the absence or presence of a stimulating spermine concentration) and as inhibitors of [ 3 H]ketanserin [12] , and [ 3 H]8-OH-DPAT [13] binding to rat brain membranes were used to generate and evaluate holographic quantitative structure activity relationship (HQSAR) models.
The fragment-based HQSAR turned out to be a promising tool for establishing a relationship between the structure of a compound and its biological activities. It is a modern QSAR technique that requires no explicit 3D information for the ligands (e.g., structure, physicochemical descriptors, conformation and molecular alignment) [14] . As it is done with 3D-QSAR techniques, such as CoMFA and CoMSIA, HQSAR as well could easily and rapidly generate QSAR models with high predictive value for both small and large data sets [15] .
Results and Discussion
Basically, this analysis involves three main steps: (1) generation of structural fragments for each T; (2) the encoding of these fragments into a molecular hologram; (3) the statistical generation of PLS QSAR models [16] . In our studies, the influence of the fragment distinction parameters on the statistical values of our models was investigated. Thus, several combinations of fragment parameters were considered during the QSAR modeling runs.
HQSAR of Ts as Inhibitors of [

H]MK-801 Binding
A set of 64 Ts were used to establish a HQSAR model for the inhibition of [ The optimum number of components was selected for each fragment parameter combination. We have calculated 63 parameter combinations. Only a set of six combinations is given in Table 1 (the others show less significant results).
The donor & acceptor parameter (model 6) seems to play a certain role for inhibitory activity, while hydrogen atoms (model 4) and chirality (model 5) show a small q 2 . By adding more fragment parameters to the model, continuously further improvements were observed (models 15, 28, 50, 58, 63). Model 63, based on a combination of all fragments gave the best result (q 2 = 0.632 and r 2 = 0.855). This model was derived using six fragment distinctions, with six being the optimum number of PLS components. The plot of pIC 50 values of all molecules predicted by model 63 versus experimental values is shown in Figure 1A . As can be seen, the predicted values are in good agreement with experimental values thus entailing a model with good correlative and predictive abilities.
The HQSAR-based fragmentation of a molecule into atoms allows to evaluate which of them are correlated with the biological activity of the molecule. HQSAR models can be graphically represented in the form of contribution maps where the color of each molecular fragment reflects the contribution of an atom or a small number of atoms to the activity of the molecule under study. The colors at the red end of the spectrum (i.e., red, red-orange, and orange) reflect unfavorable (negative) contributions, while colors at the blue end (i.e., yellow, green-blue and blue) indicate favorable (positive) Table 1 ) and (B) [ A red color code at position 5 was returned for compounds without substituent at this position: thus, there is an obvious demand for an appropriate substitution at this particular carbon (compound 1). Methyl groups at positions 6, 7, α or N, respectively, are strongly disfavored. Several 2-Me-Ts with different alkyl substituents at position 5 (compounds 19-22) contribute favorably to activity as indicated by the green and yellow color (compound 20 being the most potent, Figure 2A ). Halogen substituents as well, especially fluorine (compound 47), are positively contributing to the activity. On the other hand, hydroxy-or methoxy-substituents exert a weak to strong negative contribution. For instance, compound 40, the least active compound of the series, carries a hydroxyl group at position 5 and a methyl group at position α, a highly unfavorable substituent pattern ( Figure 2C ). Alkyl substituents at position 7 are exerting a negative effect whereas halogens at this position are tolerated. Halogen substituents at positions 5 and 7 (compound 58, Figure 2B ) are positively contributing to activity. These results imply that electronegative substituents at position 5 and 7 enhance activity. Compound 43, being one of the least active compounds, carries methyl groups at positions 2, 4 and 7. The decisive negative influence comes from the methyl group at position 7 ( Figure 2D ).
HQSAR of [ 3 H]MK-801 Binding in the Presence of Spermine
As reported previously [17] the polyamine spermine reduces the potency of most Ts as inhibitors of [ 3 H]MK-801 binding. This effect may involve the recently described GluN1/GluN2B interface mediating polyamine stimulation of the NMDA receptor [18] . We have calculated 63 parameter combinations. Only a set of 6 combinations is given in Table 2 (the others show less significant results).
In an effort to obtain the best model, combinations of different fragments were considered. The parameter hydrogen atoms (model 4) and chirality (model 5) correlate badly with the activity. On the other hand, connections (model 3) play a certain role. Furthermore, model 63, based on combination of all fragments gave the best result (q The fragment contribution pattern in the presence of spermine is similar to that in its absence. The same model 63 proved as the best one. While it was remarkable that in the presence of spermine substituents in position 5 were less advantageous than without spermine (especially in the case of substituents larger than methyl, see compounds 14, 16, 20, 22, 23, 25, 29), all these attenuated IC 50 values were above 10 µM, more than 2/3 even above 100 µM. Therefore, it may not be justified to elaborate on these results in any more detail.
HQSAR of Ts as Inhibitors of [ 3 H]ketanserin Binding
We have calculated 63 parameter combinations for the 64 Ts as inhibitors of [ Figure 3A . Table 4 ).
A fragment contribution pattern including substituents in positions 1, 4 or 5 was favorable for high activity. A methyl substitution at the positions 6 and 7 was less advantageous, resulting in red and orange color coding (e.g., compound 42, Figure 4D ). However, combined substitution at positions 4, 5, 6 or 7 with methyl and halogen is tolerated. Substituents like CN, OH, OMe and CONH 2 at position 5 are strongly disfavored (compound 29, Figure 4C ), while a halogen substituent at this position (i.e., compound 14, Figure 4A ) moderately contributed to activity. As we mentioned previously, also in this case the lack of coloring in A (Figure 4 ) it due to a slight advantage compared to compound 2 (orange in position 2 and 7). Combined with a 2-methyl substituent, halogens at positions 4, 5, 6 and 7 improve the inhibitory activity. Moreover, combined with 2-Me-substituted Ts alkyl groups can be at positioned at carbon 5 but not at carbon 7. The fragment contributions to the activity of molecule 53 (the most potent at this target) is displayed in Figure 4B . 
HQSAR of Ts as Inhibitors of [ 3 H]8-OH-DPAT Binding
We have calculated 63 parameter combinations for 47 Ts as inhibitors of [ Figure 3B . Mono-alkylation (each position possible) has not much influence on activity. Two-and three-fold methyl-substituted derivatives, however (compound 19 and 45, Figure 5C ,D) exhibit reduced activity. 
Experimental
Data Set
Several Ts inhibit at micromolar concentration the four binding sites (5-HT 2A site, 5-HT 1A site, NMDA channel and polyamine-modulated NMDA channel). The affinities of 64 Ts (from sources as described [19] ) at the NMDA channel were obtained from the inhibition of specific binding of the radioligand [ Table A (see appendix) .
At the chosen neutral pH, all Ts were in the protonated form. Concentrations of Ts providing 50% inhibition (IC 50 values) were transferred to the corresponding pIC 50 (-log IC 50 ) values and used as dependent variables in the HQSAR analysis. In our previous work [19] , we published an extended description of the data set together with the discussion of detailed pharmacological investigations.
HQSAR Analysis
The HQSAR modeling analyses, calculations and visualizations were performed using the SYBYL-X 1.0 package (Tripos Inc., St. Louis, MO, USA). HQSAR is a technique which employs fragment fingerprints as predictive variables of biological activity. These molecular fingerprints are broken into strings at fixed intervals as specified by the hologram length. The generation of the molecular fragments was carried out using several combinations of the following fragment distinction parameters: atoms (A), bonds (B), connections (C), hydrogen atoms (H), chirality (CH), and donor & acceptor (DA). Several combinations of these parameters were considered using fragment size of default 4-7. Each unique fragment in the data set is assigned a large positive integer by means of a cyclic redundancy check (CRC) algorithm. Each integer corresponds to a bin in an integer array of fixed length L (usually within 12 default hologram lengths of 53, 59, 61, 71, 83, 97, 151, 199, 257, 307, 353, and 401 bins). Thus, all generated fragments are hashed into array bins in the range of 1 to L. This array now constitutes a molecular hologram, the bin occupancies being the descriptor values. The following standard PLS analysis identifies a set of explanatory variables [20] [21] [22] .
Conclusions
By using the holographic QSAR method, four correlation equations with high statistical quality and predictive value could be established. The visualization of the results by contribution maps with special color codings reflects, which combinations of molecular fragments are essentially contributing to the recognition of the NMDA and two 5-HT receptors by Ts. [19] . 
